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Summary

By 1975, Grove-type fuei cells may reach 70% gross thermal
efficiency, with 3—5%{T0r pdeSitiC power: Cell—aegradation rates
should be L4 mlcrovolts/h;;/i;;d system spec1f1c weight 60- 80 1bs/kw
of average load,-with maintenfénce—free life up to 1 yesr. ‘A better
cathodic catalyst, optimized elgctrode structure,'inéf%<ﬁaﬁricesn. S
(if used at all) will be neede@i Better solutions to chemical enginéering
problems are even more urgentﬂf The best approach appears to be abandon-

i

ment of the Grove cell and usé of modern electrochemical knowledge in
developing novel systems concepts. Tﬁgfe may result in even greater
weight and volume savings as well as simpler controls, lower parasitic
power‘and longer life, particularly for larger power systems. Peak power
and heat-load demands might best be met by special auxilisries instead
of overdesign of the bésic equipment. In turn, pseudo-primary fuel
cells may satisfy;éégk loads in conjunction with primary solar or nuclear

systems. -

Introduction

Among the known fuel-cell reactants, hydrogen and oxygen thus far

appear to be besgt suited for space use. Energy densities of the reactants
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\ih cryogenic Torm, including also the requisité tankage, arc éloaé J
the highest that can be attaincd. The reactants are relatifcly oasilyf
stored andvhandled,‘presenting no difficult compatibility’problgms.
AlthoUghyefficiency losses at the cathode ieave room forrimprovementf
of lowﬂtémperafurevcathodic éatalysﬁs, reactivities of both reactants

are high enough to permit equipment to opeﬁate at "low" temperatures

1
"

(about 1OOOC) and reasonable thermal efficiencies. The chemical’
byproduct, water; is useful for various human purposes as well as
spacecraff épplications, e.g., evaporative cooling.and attitude ébnﬁrol.
Keactants and product thus offer a maximum of utility and a minimum of
problems. No wonder, then, that Hy-O, cells were the first to be
studied by‘GrovéLin 1838, the first to be built in'kilbWatt size by
'Baéonzin the first half of this century, and the first to be used in
NASA’S Geminiﬁ;rogram.

In fact, regardless of temperature of operation, choice of liQuid
electrolyte, or type of eleetiode structure, all gas-fed fuel ceils
are still built accérding to Grove's prescription for maximizing the
3~phase boundary, even though several electrochemisti‘élre recently,’
established the fact that the locus of reaction is -just below that liné.
T ghall reburn to this point again later on. Suffice it to say that

all hydrogen-oxygen systems contain gas plenums, porous electrodes,

and electrolyte plenums in each cell.
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In view of the many publications and presentations that have

X

described the major space systems, I shall not repeat the physlcal and

chemical details of the Gemini ion-exchange membrane system nor those "
- /¥-21 ’
of the Apoilo modified Bacon system. The asbestos system with passive

water removal has also been adequately characterized previocusly, as has
o 22-25 : o .
the recirculating, free-electrolyte system, on which we haveijust started

to undertake some space-type modifications. It may be amusing to note

‘ g o , : ‘26
en pagsant that the first flown system was based on Niedrach and Grubbls idea
‘ 27

ofvthe 195Q's, the second one for.mannedfspaceflight is based on Bacon's
work of the 1930's and & possible third thoice may be basged on’Mogd‘and
Lahger';ipaper of 1889; what next?

Although the performance forecast was ﬁo be made in the form Qf
graphs, the data necessarily have to be presented in tabular form. Thaﬁ
is because the Gemini and Apollo systems were designed about 1962 and,
though modified in many details since then, were bullt essentially té
meet these originsl design specifications. Allis-Chalmers!® asbestosf
system is still being modified, apart from the fact that there are two

distinct versions, one for unmanned spaceflight rated at 200 watts/module

30

(without 1liguid coolant), the other for menmed flight rated at about

1 kw/module and using the 1liquid coolant of the spacecraft for heat
exchange. As for 1975 figures, they represenﬁVestimatés, wishful or
othefwise, that are not derivable by drawing curves through Single points.
In addition, the tables contain some "long—termx gbals, for whiﬁ&ma

date has purposely not been selected.



Cell Data
) Table 1 shows charactéfistics of‘single cells., The perfpfmance
of fresh Apollo and asbestoé cells‘are.quite comparable; Even ;cfiVe
cell areas are more similaréthan would sppear frqm the table; sincé'two.'
asbestos cells are wired iﬁi parallel in the system-. Similarly, the |
power is draWn'fibm cell pairs in the latter device. | R
1It remainé to_bé seen whether the voltages and reacﬁant‘consumption‘v

raﬁés projected for 1975 can actually be obtaihed; Perhaps avbettef
éathbdic catalyst,'more severe operating conditions, or both will’lead
bto‘thiS'goal for a "low-temperaﬁure" system. Thus far, we ha%é not “
foﬁnd dutrable catalysts significantly'better than ?latinﬁm, paliadium,"
Coor silver. Much higher cell powef densities have’been obtained by  _.
"faising the temperature as_high as 150°C, but with conéommitant 
materials and life problems. Improved electrode structures may‘also'

aid in achieiving these goals.

As concerns degradation, more stable ion-exchange membranes are saild
to be under development now., Stability?gf the Bacon csll is improved by
lowering the operating temperature and compensating for the lesser
activity by using catalysts. The main difficulty with the asbestcs
cell appearé to be gradual reaction of ﬁhe matrix with the electrolyte,
s0 that asbestos must be éither stablized or replaced. It is known

' 3y SUITABLY _ :
that the same electrodes, switability wet-proofed to operate with free-
flowing eleétrdlyte, maintain their acti#itiés virtually unchanged

for several hundred hours.



Opportunities for reséarch on cpnventional space-type cells appeaf"
_to be limited primarily b0

(a) improvement of eléctrode structure, tO'increase limiting current
densit%ﬂes‘by facilitating access of gaé to the eiectrolyte;

(b) improvement of cathodic catalyst, to minimize éhémicaluover-
potential and hence inefficiency due to acfivation of oxygeh; énd'

(c) réplééémeht of membrane or matrix (if used) by a more durable
struéture‘toveliﬁinate?pefformance degradation‘due to ﬁhié source,) The
new structure should also have high ionic éénductivity énd_minimﬁ@.' |
thickness -- consistent with safety and acceptable eleétrolyte éapgcity ——
‘for miﬁimizing ohmic overpofential. There is no point in attempting tb
replace platinum as the anodic catalysf for space cells, ﬁhough it
represents a very severe handicap for commefcial purposes.,

System Data

bata for fuel=-cell modules are given in Table 2. The power ra%ing
of these uniﬁs is stated for sustained rather than for peak logds{
Obviouély, present systems can be derated, i.e.,'ﬁsed at lower average
powerylevelé, 1f one wishes to improve efflciency and life for‘specifié
purposes.' Conceivably, too, a system may eventually be improved to the
point where its sustained load can be increased significantly without
the penalty of lower efficiency and shortéf life.

Improved Bacon modules éxist today that weigh about T0% and measﬁre
about half of the values qudted. Parasitic power ;onéumption is being
lovered as more efficient auxiliary equipment becomes available and
engineering design is improvggg. Module life is génerally a fraction
of cell life, apparently mainly because of lack of quality conmtrol. This

is not to say that the modules are being put together carelessly. It simply



. A
means that the factors thattmust be controlled, and the Severity of
.slight variations,’are often not recognized until after a number of
units have been built and Qperated.

For example, uneven gas distributioi,‘due;to small variations in
menifolding or occasional 1liquid plugs, may "starve" a cell..f~ Since
’ the gas plenum requires uniform pressure, impure residual gés’ﬁay seep
into that cell from its ﬁeighbors. The resultiné degfadétion may’bei
alleviated énly briefly, if at all, by purging the stack. Since this
~problem has been recbgnized, better purge controlvcan be achiévéd by
means of simple inserts (that maintain individual cell pressure
differentials). Such difficulties are not always easy to forésee.

An important characteristic of any device is ifs capability to
tolerate abuse and to recovér from overstress. To my knoWledge,'ﬁp
fuel-cell system has yet been thoroughly evaluated for these propérties.
We have underway a first, and only partial, set of tests of this kin&:
A series of 8 full-size aébestos stacks is being systematically mis-
treated, tovdetermine how they react to repreated start/stop operatcion;
overioads; pressure unbalances; overheating, etc. The saﬁe procedurés
will. eventually héve to be applied to the mechanicél, eiectrical, and
electronic auxiliafies as well, if they are to be fully characterized..

In these tests, we have already learned that an asbestos étaék need’
not be filled with helium for storage, an important simplification of

procedure and equipment. Power spikes of up to 5 kw were tolerated



:T‘
without catastrophic damage; duration of these spikes was>limited,only “
‘bybthe‘cooling‘capacity of thg gtack. Multiple starts and stqps appeared«
to have égkgiﬁéct, Starting ;t room temperature, 8 stack was warmed toO
operating condition using its%own waste hea@,by'running it aﬁ constant
Avoltage or constant émperage."warmfup timés ranged from.59j§2ﬂ6.5

minutes, with temperature differences through the stack varyihg from

20F for therhoufélong staxrt, to 27°F for the fast gtart.

In coﬁtraét tovthe limited research Opportunitiés in electrochemistry,
engineering_research on space fuel=cell systems has baré1y beguh; Today*s‘
equipment 1s 1ittle mofe than an assembly of oversize labOratory célis
with supérimposed mechanical and electrical controls. We gtill don't
know whether Grove-type cells are optimum, since'norotheF concepf haé»-
yet been engineered. The Grove cell combines two fﬁnctibns near and at
the electrodé‘surface, (1) dissolution of gas in electrolyte and (2)
electrochemical reaction.. While it would e senseless to éepafate these
functions for a single cell or even a few cells, a separate,gaSVSaturator
combined with flow-through electrodes might be feasible for large cell
gtacks, Will the size aéd complexity ofnsuch equipment,mtogether with the
power needed'for pumping electrolyte through electrodes, make this
séheme‘useless? Or what about the slurry system proposed by chemists

33 : 30 35-37
in France and Germany? Some preliminary design studles are now being made
Tor NASA to determine the prosﬁects of success for these approaches.
Still other ideas are as yet unexplored.

The plumbing and electronics today are essentially afterthoughts ~--

appendages that had to be provided'to make the gtack operable. Perhaps



.one should consider a fuel-cell plant to be a chemical reéctor, with
electricity as a byproduct, in ggZ§?;o arrive at novel design concepts;’
Admittedly, stch a reactor must operate under far from ideal conditions,
particularly when compared with a reactor in a chemical factory. kNever-
theless, there afé’many well~established aﬁé—ﬁevei engineefing conqepts,
for optimizing chemiéal plants and for incorporabing automatic regulatiphs
and control, that may be directly spplicable to fuel-cell plants; ’If :
the projectionsgfhéwn in the last column of table 2, are ever to be

attained, we must surely re-orient our engineering approach to fuel-

cell systems.

Reactant Stbrage

Apart from electrical leads and means for removing water, a fuel-
cell:ystemZiéggs a supply of reactants and capability to dispose of the
heat that is an inevitable byproduct. in space, both hydrogen and oxygen
are stored cryogenically to avoid the weight penalty of high-pressure
tankage. However, in this form the reactants are not storasble for
indefinite periods; because heat ,_“‘; leaks into the storage vegsels
and causes some of the liguid to evéporatefand boil off. The boil-off
must either be used electrochemically or vented to avoid pressure build-up.

The precise ratio of weight of tankage to weight of cryogenic fluid
depends on the size of the véssel, quality of insulation, ambient

temperature, vessel pressure, rabte of reactant usege, and state and

temperature of reactant (slush, subcritical liquid, supercritical gas).



8a;
Representative figures for supercritically stored oxygen for curﬁentx’
fuelfcell applicatibﬁs are 3=3.5 lb/lb tankégej and fpr hyﬁrogenv
0.3-0.4 lb/lb tankage., Thege numbers are for 20-3Q;lbs.‘of hydrogen
and eight times as much oxygen. Both figures of wmerit might be
raised by developing lighter structures for the outer shells of the
Dewar vessels. A projected single tank to store both reactants would
hold‘h.25 lb/lb fank. Furthermore, subcritical oxygeniétorage might
raise the above number to hfS lb/lb tankage, == Theoreﬁical storage .
volﬁmes are H.h 1b He/ftS and Tl.2 1b Og/fﬁg at atmospheric pressure
and at their,respective‘boiling points. Some 95% of fhe gtored reactaﬁt )
“can be made available to the fuel cells.

Heat Balance

‘Since the combination of hydrogen with oxygen is exothermai, heat
generélly must be remqved'from s Tuel=-cell power piant. During sﬁarf?up
or standby, however, heat may haﬁe to be added to the sysbtem. Depending
on the particular systemn deslign and capabilities)startiné may be a ;i@ple ,
”bootstra?ping”, i.e. self-heating process, or else one needs an auxiliary
heat source; This last requiremenﬁ complicates the system.énd makes it
;lesslflexible;

Heat may be discarded by‘evaporative c¢ooling. For relatively shoft
misgions, one may wish to evaporate’the product water, which will extréct
about 1/3 of the heat evolved. The remalinder can be transfefred ouﬁ'ﬁ?:"
the system by venting hydrogen. f

A transient heat ioad can be handled by re-injecting stored water

~and letting it warm up.
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In general, however, most of the heat of reaction Qill be removed
by’a heat cxchanger and évontually radiated to the surrdundinga."Tﬂc
sizé'of the radlator arca varics with a number of Tactors, smong them
the systen's efficiency (itself a function of load); the‘femperéture
&t which watér leaves the fﬁel cell (again depehdeht on loéa as well as-
on the specific system); shape, position, and efficiéncy of the radiatqr;‘
and tempeg%ure,of the radiator and of the heat sink. TFor a complete |
‘power supply, one wouid also have to consider the heat load imposediby~
The inefficiencies of power conditloning. ﬁ

For Gemihi, some early published data on the radiétorfare:
temperature, 100°F; heat flux, 30 w/ft2; and radlator area, 25 ftz/ <}
(presumably prak electrical kw). The radiastor exit tcmperature for
Apollo is 160-170°F and the effective area 2k ftg/kw in;earth orbit;
12 fte/kw in deep space. Under worst lunar conditions, the radiaﬂb:
mighﬁ overheat for a few minutes. An asbestos-cell syétem (with water
colleetion) is cxpected to have a radiator temperature of l7TOF and a
radiator area of 21.3 £t2/kv in earth orbit, 13.5 £t2/kv in deep space.
Lhe discrepancics in the design data cited may be indicatbive of the
unzertainities of the caléulations. Radiator weights are on the deer
of 1-2 1b/ft2.

Other Considerations

~ The cost of space fuel-cell plants, exclusive of reactants, tarkage,
and radiator, is of the order of $100,000/kw (sustained power) today.
The extraordinarily high figure reflects the fact that systems are

essentially handmade and must pass rigid inspections. The sam= equipment,
A



)

. 1
made to less exacting standards, costs verhaps half as wuch. Evenluemi—"

aubomation should reduce the cost subst&étiglly beloﬁ tﬁe $SQ;OOC figu;é;
Another approach to lower cost would be tp'imprové the perfdimance of
the fuel cell so vhat the same size Stack’céuld pfoducé highég power in
sustained operation.

Considering ﬁhe immediate space program on;y, the i-kw pover=
plant, with E—E;SVKW peak capacity, is adequate, especially in view. of %
the- fact that several such systems must be carried for reiiability wéasons«
Future missions, however, may require 10 or more times that amount of
pover. Hence larger modules should be useful in the TO's or 8d's. They
should be cheaper per kw as well as lighter and more compact, assuming
that performance, geometric surface aréa, or both these propertiés of L
electrodes can be scaled up. If_the cathode’remains the limiting |
“electrode, its effective surface area is easily doubled by sandwiching
one anode between two cathodes. Paragtic power per stéck might not decrease
much in absolute value but should be a considerebly smaller percent:ge of

total stack oubtput.

Conclusion

Finally, we must consider the future of the fuel cell in space.
For long space missions, the primary source of energy can obviously not
be chemical, because the weights of fuel and oxidant would become pro-
hibitive. Nevertheless, fuel cells sre likely to play a continued zole

in the space program.
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They may be emergency and peak primary power sources in connection
with both solar and nuclear power plents. 'They may supplemcntfof |
replace seéondary‘batteries, with the astrpnauts_usingqthe byproduct
water before it is electrolyzed again. And they may be the sole, primary
power sources for lunar surface vehicles, from which the water would bé
returned to an eléctrolyzer at the base for re-processing. On the other .
hand, if ﬁater should be readily available on the moon,(the’véhicle.
might use the watér for evaporative cooling by day Or‘éven‘as a.heat
source at night, thus extending its mission time. TLastly, fuel‘cells k
may eventually replace primary batteries as the electric power source’
of rockets, although the fuel-cell system would admittediy have to
become much simpler than it is now, to make it attractive for thi; use;

The forecasts made here are based on present-day engiﬁeering‘

-approaches. In the drive to obtain usable devices as guickly as possible,
engineers have done an excellent Job of bullding what appeared féasible.
But this rush toward hardware may also have meant pushing aside g;;y
promising, untested ldeas. Now that operable systems are at hand,we
should consider the more speculative approaches in an attempt to upset
these predictions.

Whereas efficiencies are already quite close to the thermodynamié
limits, the bulk and weight of fuel-cell systems leave muich room for
improvement., Similarly, longer life, greater sim?licity, and more
seleregulation ought to be achievable. Also, more thdught must be
given to optimizing the total power package, which includes not oﬁiy

, the’fuel—ceil system but power conditioning as well. Perhaps a lower

voltage output from the fuel cells, more electrical parralleling,and



1
éppropriatc changes in powéf conditibning‘would resul£ in greator
reliability and longer useful life, with little or nokpenalty in
welght and volume.

Any large engineering improvements are boundffo be reflected in
imProved physical and economic properties of fuel=-cell sysbtems, assuring
their being of continued interest for space. In addition, Such>changes

are bound to make them more atbtractive commercially, thus hastening

~ their acceptance in terrestrial applications.
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